ABSTRACT. In this study, we examined changes in meat quality and content of muscle types during porcine growth. The influence of the longissimus dorsi muscle fiber composition on meat quality and the correlation between 2 fiber-typing methods (histochemistry and realtime quantitative polymerase chain reaction) were examined. Type IIx and type IIb fibers accounted for most of the total number of fibers; the proportion of these fibers increased during porcine growth (75.42, 80.09, and 79.88%, respectively, at 3 different stages of growth). There was a strong positive correlation between the 2 fiber-typing methods; the correlation coefficients of type I, IIa, and IIx+IIb fiber contents were 0.65, 0.88, and 0.92, respectively. The a* value of meat color was significantly lower at 98 days and negatively correlated with white fiber (2015) content (r = -0.69, P < 0.01). Water-holding capacity decreased during porcine growth. The drip loss parameter was positively correlated with type IIx+IIb fiber content (r = 0.55, P < 0.05). Decreased pH was strongly positively correlated with type IIx+IIb fiber content (r = 0.61, P < 0.01) and negatively correlated with type IIa fiber content (r = -0.44, P < 0.05). Therefore, we found that the composition of muscle fibers influenced the establishment of meat quality and its alteration during the early postmortem period.
INTRODUCTION
With improvements in the quality of life, meat quality has gained increased attention. To produce high-quality meat, it is important to understand meat quality traits and their regulation. Meat color, water-holding capacity, and pH are important traitsused as indicators of freshness and juiciness (Joo et al., 2013 ). Meat quality is affected by muscle fiber characteristics and other factorssuch asmuscle structure, chemical composition, and postmortem changes in the conversion of muscle to meat (Jiang et al., 2004; Joo et al., 2013; Ye et al., 2013) .
Vertebrate skeletal muscles consist of muscle fiber, connective tissue, intramuscular fat, vesicular tissue, and neural tissue (Plomgaard et al., 2006) . Muscle fiber amajor component of muscle, it is an important factor determining meat quality (Joo et al., 2013) . Based on morphological traits and structural, contractile, and metabolic properties, porcine muscle fibers are classified into 4 types: slow-twitch oxidative fiber type I, fast-twitch oxidative fiber type IIa, fast-twitch oxido-glycolytic fiber type IIx, and fast-twitch glycolytic fiber typeIIb (Schiaffino and Reggiani, 1994; Wimmers et al., 2008; Lee at al., 2010) . Other methods have been used to classify muscle fibers. Brooke and Kaiser (1970) classified muscle fibers into types I,IIa, and IIb based ontheir ATPase activities. Brooke and Kaiser (1970) , Baker and Santer (1990) , and Larzul et al. (1997) classified muscle fibers into 4 types (I, IIa, IIbr, and IIbw) based on the acid stability of the myosin ATPase reaction and succinate dehydrogenase staining.
However, traditional muscle fiber typing methods have yielded inconsistent results. Therefore, new methods including immunohistochemical and genomic techniques have been used to classify fibers (Lin et al., 2002; Yang et al., 2014) . However, the relationships among different methods remain unclear. To examine the correlation between different methods, we classified fibers using immunohistochemistry and real-time quantitative polymerase chain reaction (qPCR).
Muscle fiber composition affects skeletal muscle structure, biochemical properties, and function, which directly impact meat quality traits (Karlsson et al., 2000) . Meat color, pH, water-holding capacity, and intramuscular fat are important quality traits from the consumer's perspective (Takawa et al., 2012) . Fiber composition is considered to affect meat quality traits; however, the relationships between fiber type and specific meat quality parameters remain unclear. In this study, we examined these relationships to establish a theoretical basis for controlling meat quality through fiber-type transformation.
MATERIAL AND METHODS

Animal and muscle sampling
Sixty castrated hybrid male pigs (Landrace x Large White x Duroc) were used in this study. The average weight of the pigs at the beginning of the experiment was 7.27 ± 0.13 kg. The animals were divided into 6 stalls with 10 pigs in each stall. All animals were housed in a controlled environment and provided free access to food and water. The animals were reared in strict compliance with the Chinese regulations for the care and use of animals in research. The experimental diet was designed according to the NRC2012 (nutrient requirements of swine, 11th revised edition, 2012) as follows: 10-30 kg stage: 19.2% cude protein (CP), 1.02% available lysine, and 3300 kcal digestive energy (DE)/kg; 30-60 kg stage: 17.2% CP, 0.85% available lysine, and 3300 kcal DE/kg; 60-110 kg stage: 15.2% CP, 0.69% available lysine, and 3300 kcal DE/kg). The experiment began when the pigs were 35 days old, followed by a 5-day period to adapt the new diet.
We slaughtered 6 pigs at 63, 98, and 161 days of age, 1 from each stall. During the night before slaughter, the pigs were allowed ad libitum access to water but not food. The following morning, the pigs were slaughtered by electrical stunning and exsanguinations (Lefaucheur et al., 2004) . The longissimus dorsi muscle was isolated as a representative sample. Within 1 h after slaughter, muscle samples were taken, mounted on tongue depressors, placed in freezing tubes, and stored in liquid nitrogen before transfer to a -80°C freezer.
Physicochemical analyses
Forty-five minutes and 24 h after slaughter, three 12 x 12 x 5 cm samples of the longissimus muscle at the last rib level were obtained to determine the color (Opto-star color analyzer, Matthaus, Germany), marbling, and pH of skeletal muscle (DELTA 320 pH meter; Mettler Toledo, Greifensee, Switzerland). Marbling scores were determined by the marbling standards of the National Pork Producers Council, and the average value of 10 judges' marks was recorded. Five pH measurements were performed for each sample (5 small incisions were made in the meat and the pH meter probe was placed into the incisions to test muscle pH), and the average value was recorded as the sample pH (Norman et al., 2004) .
Water holding capacity
Within 2 h after slaughter, a sample of longissimus muscle (4 x 4 x 2 cm) at the last 3-4 thoracic vertebra level was excised, hanged using a hook in a plastic bag, and stored at 4°C. The percentage of weight change after 48 h hanging was calculated as the drip loss of skeletal muscle (Schäfer et al., 2002) .
Histological analyses
Transverse serial sections of all muscle samples were generated using a cryostat (Leica Microsystems Nussloch GmbH, Leica CM 1850, made in Germany; set at 10 mm) at -20°C (Larzul et al., 1997) . We integrated myosin ATPase histochemistry with succinate dehydrogenase histochemistry as follows. The sections were stained for 45 min using succinate dehydrogenase after pre-incubation at pH 4.35 (Lefaucheur et al., 2002) . The sections were thenwashed and stained for 30 min by using myosin ATPase (Nachlas et al., 1957) . Images of all sections were captured using a CCD camera connected to an optical microscope, and image analysis software was used to determine the fiber type. The fibers were classified into MyHC types I, IIa, and IIx+IIb. We prepared 5 sections for each pig and chose 3 microscope fields for counting and calculation. All photos were taken at 100X magnification.
Total RNA extraction and reverse transcription
Total RNA was isolated from all muscle samples using TRIzol reagent (Life Technologies, Los Angeles, CA, USA), according to manufacturer instructions. The RNA samples were treated with DNase to eliminate trace genomic DNA contamination. Total RNA was quantified by measuring the absorbance at 260 nm. The 260/280 and 260/230 nm absorbance ratios were measured to determine the purity of the isolated RNA. The integrity of the extracted RNA was determined by examining the 28S and 18S rRNA bands on ethidium bromide-stained agarose gels (Wimmers et al., 2008) . Using total RNA as a template and oligo dT18 as a primer, reverse transcription reactions were performed to generate cDNA using reverse transcriptase and an RNase inhibitor. The cDNAs of the muscle samples were stored at -80°C until use.
qPCR
The Oligo 7 (www.oligo.net) and Primer Premier 5 software (Premier Biosoft, Palo Alto, CA, USA) were used to design primers to amplify the MyHC isoform genes and a housekeeping gene for qPCR. Because the MyHC isoform genes belong to a single family, their sequences are highly similar. To amplify specific PCR products, we compared the gene sequences and designed primers annealing to regions with low similarity (Lefaucheur et al., 2004) . The primer sequences and PCR conditions used are listed in Table 1 . The quantitative reverse transcription-PCR were performed on an ABI 7500 machine (Applied Biosystems, Foster City, CA, USA) using the cDNA as template and the SYBR Green fluorescent dye (Life Technologies, Carlsbad, CA, USA). The thermal cycling parameters were as follows: an initial denaturation step at 95°C for 10 min, followed by 40 cycles of denaturation at 95°C for 15 s and annealing and extension at 60°C for 1 min. The expression of different MyHC mRNAs were determined as 2 -DDCt , where DCt was the difference in Ct between the MyHC and glyceraldehyde 3-phosphate dehydrogenase. The relative amounts of MyHCI, IIa, IIx, and IIb were expressed as the percentage of total MyHC transcripts (Lefaucheur et al., 2002; Bustin et al., 2009 
Statistical analysis
The data were analyzed using the SAS 9.0 package (SAS Institute Inc., Cary, NC, USA). The MIXED procedure was used to analyzemeat quality traits. The results are reported as the least square means with standard errors. Differences between the measured quantities were analyzed using the t-test; P < 0.05 was considered to represent a significant difference. Pearson's correlation coefficients were determined using partial correlation coefficients to analyze the correlation between meat quality traits and muscle fiber composition (Scott et al., 2001) .
RESULTS
Content of different muscle fiber types
Muscle fibers were classified into 3 types (I, IIa, and IIx+IIb) based on the acid stability of myosin ATPase and the glycolytic rate (Table 2 and Figure 1 ). The MyHCIIx+IIb fiber constituted the highest percentage of the total number of fibers at all 3 stages (75.42, 80.09, and 79.88% at 63, 98, and 161 days, respectively). In general, fast-growing pigs showed a higher percentage of glycolytic fibers. The percentage of fiber I was significantly lower at 63 days (3.12 ± 0.40%) than at 98 and 161 days (P < 0.05). Unlike fiber I, the content of the other red fiber II as howed a downward trend in the 3 stages tested. The percentage of fiber IIa was significantly higher at 63 days than that at 98 and 161 days (P < 0.05). The percentage of red fibers (I and IIa) followed a downward trend similar to that observed with fiber IIa. Furthermore, there was an increasing trend in the content of fiber IIx+IIb. The percentages of fiber IIx+IIb were significantly higher at 98 and 161 days than at 63 days (P < 0.05), but not significantly different from each other (P > 0.05). 
Expression of MyHC genes at different stages of growth
The percentages of different fibers typed using fluorogenic quantitative PCR are displayed in Figure 2 . Expression of the MyHCIIb gene was significantly higher than that of the other 3 muscle fiber genesregardless of growth stage (P < 0.05), which is consistent with the results obtained using the histochemical method. The correlation coefficients between the muscle fiber contents determined by histochemistry and real time qPCR were 0.65, 0.88, and 0.92 for fiber types I, IIa, and IIx+IIb, respectively, which revealed significant positive correlations between the 2 methods.
Meat quality traits at different porcine growth stages
We measured the meat color and pH at 45 min and 24 h after slaughter and marbling score of the longissimus dorsi muscle at different stages during porcine growth. These results are shown in Table 3 . The meat color results are expressed as Commission Internationale de L'Eclairage L* (a*, and b*; a*, red index; b*, yellow index; L*, luminosity index). The L* and b* values were not significantly different at 63, 98, and 161 days. However, the a* value was significantly lower at 98 days (5.31 ± 0.68) than at 63 days (12.22 ± 0.43) and 161 days (9.23 ± 0.62). The a* value was significantly lowerat 161days than at 63 days (P < 0.05). The longissimus muscle showed lesser redness at 98 days than at the other 2 stages. The drip loss ratio of meat increased during porcine growth; this ratiowas significantly higher at 161 days (5.2 ± 0.4%) than at 63 and 98 days (P < 0.05).
The meat pH was measured using a DELTA 320 pH meter at 45 min and 24 h after slaughter. The pH 24h of the longissimus muscle was significantly higher at 98 days than at 63 and 161 days (P < 0.05). The pH decrease ratio of meat was significantly lower at 98 days than at 161 days (P < 0.05). However, the pH decrease ratio was not significantly different at 63 days compared with 98 and 161 days (P > 0.05). Marbling scores were assigned using pork quality standards (National Pork Producers Council). The meat marbling score was significantly lower at 63 days (1.75) than at 98 and 161 days (P < 0.05). Data with different superscripts in the same row are significantly different (P< 0.05). a*, red index; b*, yellow index; L*, luminosity index. Relationships between muscle fiber composition and meat quality traits Table 4 shows the correlation coefficients between muscle fiber contents and meat quality traits. The redness of meat (a* value) showed a positive correlation with fiber IIa content (r = 0.72, P < 0.01) and a negative correlation with fiber IIx+IIb content (r = -0.69, P < 0.01). Furthermore, the a* value showed anegative correlation with the ratio of fiberI/II (r = -0.44, P < 0.05). Notably, the content of red fiberI also showed a negative correlation with the a* value. Drip loss showed a positive correlation with fiber IIx+IIb content (r = 0.55, P < 0.01) and a negative correlation with fiber IIa content (r = -0.56, P < 0.01). The pH decrease showed a strong positive correlation with fiber IIx+IIb content (r = 0.61, P < 0.01) and a negative correlation with fiber IIa content (r = -0.44, P < 0.05). However, the pH at 45 min and 24 h after slaughter were weakly correlated with muscle fiber contents. Marbling scores showed a positive correlation with fiber I content (r = 0.52, P < 0.05) and the ratio of fiber I/II (r = 0.51, P < 0.05) and a negative correlation with fiber IIa content (r = -0.56, P < 0.05). 
DISCUSSION
Fast-growing pigs showed a higher percentage of glycolytic fibers. These results were consistent with those of previous studies (Larzul et al., 1997; Zhang et al., 2013) . In the grow-ing period, the percentage of oxidative red fibers (I and IIa) was decreased and the percentage of glycolytic white fibers (IIx+IIb) was increased. These observations suggest that the glycolytic capacity of the longissimus dorsi muscle and maximum contraction speed increase over the 63-161 day period, whereas oxidation capacity decreases (Lefaucheur et al., 2002) .
The histochemical method for classifying muscle fibers is based on the physicochemical characteristics of muscle fibers. It is well reflected the metabolism difference and contraction difference of muscle fibers. But this method is prone to error because of the high workload and subjectivity of measurements (Klont et al., 1998) . The qPCR method for classifying muscle fibers is on the transcriptional level, unable representing the expression of myosin protein. So it is an indirect method. Therefore, we also used qPCR to type muscle fibers and determine the correlation between the 2 methods. The MyHC I, IIa, and IIx+IIb contents determined using histochemistry and qPCR showed similar trends at the 3 growth stages. However, some differences were observed using the 2 methods. The percentage of fiber IIx+IIb was significantly higher when typed using qPCR (approximately 85%) compared with the traditional method (approximately 80%), whereas the proportion of fiber I was lower. These results suggested that muscle fiber composition does not significantly change during the pig fatting stage, but the level of fiber IIb composition increases. Previous studies have shown that the conversion of muscle fiber types predominantly occurs during the embryonic period and within 2 weeks after birth.
The result of meat quality traits at different stages revealed that the redness of longissimus muscle was decreased during porcine growth. The drip loss ratio, the pH decrease ratio and the marbling score of meat increased during porcine growth. It may be caused by the changes of muscle fiber contents. Ryu and Kim (2006) used the L* value and drip loss ratio to determine meat quality and classified the meat as pale, soft, and exudative meat (PSE, L* ≤ 50, drip loss >6%); dark, firm, and dry meat (DFD, L* < 43, drip loss <2%), or reddish pink, firm, and non exudative (RFN, L* ≤ 50, drip loss <6%) (Pette and Staron, 2000) . Based on this classification, all samples in our study represented healthy meat.
The results of correlation analysis between muscle fiber contents and meat color revealed that the redness of meat showed a positive correlation with red fiber contents and a negative correlation with white fiber contents. So increasing red fiber content should cause increased redness. However, meat color is a complex trait affected by many factors, including genotype, nutrition, and pre-slaughter handling (Pette and Staron, 2001) . Water-holding capacity and marbling are important meat quality traits. The MyHC isoform content may affect these traits (Jordan et al., 2005) . The results in our study suggest that the water-holding capacity of red fibers is better than that of white fibers. These results are not consistent with those of a previous study (Bach et al., 2004) . The results of correlation analysis between muscle fiber contents and meat pH suggest that muscle fiber composition does not significantly influence postmortem meat pH. However, the fiber IIb content affected the rate of decrease of meat pH. High glycolytic capacity causes rapid postmortem glycolysis and lactic acid accumulation and induces a rapid decrease in muscle pH (Bach et al., 2004) . The glycolytic capacity of postmortem muscle is determined based on muscle fiber composition (Russell et al., 2003) . Therefore, muscle fiber composition affects the rate of decrease of postmortem muscle pH. Increased fat deposition during later stages of porcine growth affected the muscle marbling score. A previous study showed that the muscle fiber type was not correlated with intramuscular fat and muscle marbling; however, other studies showed different results. Therefore, the relationship between muscle fiber composition and muscle marbling remains unclear. Our results suggest that muscle fiber composition regulates muscle marbling.
